In this work we show that the spin pendulum techniques developed by the Eöt-Wash group could be used to put very stringent bounds on the free parameters of a Lorentz invariant phenomenological model of quantum gravity. The model is briefly described as well as the experimental setup that we have in mind.
Introduction
It is generally believed that General Relativity may be a "low energy" description of spacetime. In particular, close to the Planck scale a non-trivial spacetime structure may replace the smooth pseudo-Riemannian one. This regime was for a long time deemed unreachable, but lately there has been a reconsideration of that pessimistic outlook leading to searches for traces of that quantum gravity realm. By far the most popular way for looking for that kind of effects is through violations of Lorentz symmetry [1] . However, there are very stringent experimental bounds limiting that possibility [2] . In addition, the authors of Ref. [3] showed that, if a discrete structure of spacetime is associated with a preferential reference frame, its effects would be generically "magnified" by radiative corrections to a point where they would have been already observed.
The essence of the model
The phenomenological model assumes that, if spacetime has a granular microstructure, it must respect Lorentz invariance. We argue, by following an analogy, that matter fields can be sensible to this granularity through an interaction with spacetime curvature. The analogy is the following: Imagine that we have the task to fill the floor of a room with square blocks (mosaics). If the room has a symmetry compatible with the symmetry of the blocks, i.e., straight walls making angles of π/2, this can be achieved by simply putting one block next to the other. However, if a wall is curved, we will have to overlap some of the blocks to fill the area close to this wall. We believe that something analogous may happen in spacetime. Consider a spacetime that is built with blocks. Based on the arguments given in the last section we believe that these blocks respect Lorentz symmetry. In regions of spacetime having this symmetry, namely, flat spacetime regions, all the blocks fit without overlapping. On the other hand and according to the analogy, in a curved spacetime region its building blocks "overlap" and this is what matter fields may detect.
Motivated by the simple analogy, we take the view that the granular structure of spacetime may be revealed by an interaction of matter fields and spacetime curvature. As the matter self-interactions are not relevant at the phenomenological level, we are only concerned with the part of the curvature connected with sources away from the probing particles. That part of the curvature is the Weyl tensor. Thus, we have to find a minimally suppressed coupling term of Weyl and the probing particles, which we take to be electrons.
As is discussed in Ref. [4] , the most obvious minimally suppressed terms vanish, therefore, a less natural looking coupling term must be constructed. The proposal is to use the eigen-forms and eigen-values of two self-adjoint operators built from the Weyl tensor and couple them in a non-trivial manner withψγ µ γ ν ψ, where ψ represent the electron field and γ µ are the Dirac matrices. Essentially the idea is to write the Weyl tensor as a 6 × 6 matrix by numbering its components with anti-symmetric pairs of spacetime indexes. This matrix, when using Riemann normal coordinates about the point of interest, has the generic form
where A and B are 3 × 3 real traceless symmetric matrices [7] . Then the coupling term can be written in terms of the (real) eigen-values and the (3 dimensional) eigen-vectors of A and B. Let a (l) , b (l) be two orthonormal triads of vectors 1 such that
The effective Hamiltonian of the model (obtained by using the result of Ref. [8] which is valid in the framework of the Standard Model Extension), in the reference frame where the probing polarized electrons are at rest, takes the form
where ∆ξ (l,m) and c (±,l) are the free parameters of the model 3 , σ i are the Pauli matrices, M P l is Planck mass and sign is a function that is 1, 0 or −1 if its argument is positive, zero or negative, respectively. The arrow represents 3-dimensional vectors while · and × are the usual (Euclidean) scalar and vector products. Observe that in the units where c =h = 1, which are the units that are being used, α (l) and β (l) have mass dimension 2 and thus H ef f has dimensions of mass.
Experimental scenario
The presence of the Pauli matrices in the effective Hamiltonian (3) indicates that non-polarized matter is not sensible to the effect described above. This makes its search difficult since most of the bulk matter found in Nature is not polarized.
Moreover, polarized matter has normally a magnetic moment and the resulting magnetic effects would dwarf the effects we are interested on. In Ref. [6] we were able to put some bounds on the free parameters of the model by using data from a Hughes-Drever-like experiment [9] where certain spectral lines are monitored with a one-year period. According to the model described in the last section this spectral lines would depend on the gravitational field where the probing particles are. Since the Sun's gravitational effect on Earth has a one-year period (due to the Earth's ellipticity), according to the model, a modulation of the spectral lines with this period is expected. The absence of this variation up to the experimental accuracy allowed us to put bounds on the free parameters of the model.
The purpose of this paper is to show that it is possible to do a different type of experiment to test the model at hand. In addition, that this experiment can improve significantly the bounds on the free parameters, and optimistically, to find a signature the conjectured effect. The idea is to use the "spin pendulum" developed by the Eöt-Wash group [10] which has an effective polarization of roughly 10 23 electrons but a negligible magnetic moment. The spin pendulum can be placed on a torsion balance where a torque exerted on it can be measured with an amazing precision. The concrete idea is to produce a gravitational environment with controlled sources at the Laboratory. In particular, two dense masses can be placed symmetrically with respect to the spin pendulum on an horizontal plane at the Lab, successively at different orientations. As the effect involves also the frame dragging associated with the Earth's angular momentum, the different orientations would result in a differential response of the balance. The calculation of the effect in that situation is presented on the next section.
Calculations for the experimental setup
In this section we present the calculations for the model in the experimental setup described at the end of the last section. The analysis focuses at first on a single electron. We use normal Riemannian coordinates associated with the location of the electron and the instant where the measurement is performed. Moreover, the spatial part of the coordinates is taken to be right-handed having the z coordinate pointing up and the y pointing south. Note that at the origin, where all the objects that we calculate are evaluated, the metric has the usual Minkowski form 4 . (The model is fully covariant thus we use coordinates that simplify the analysis).
Provided that gravity is "weak", the linearized approximation for the gravitational field is used. In this regime (and using the standard gauge, see [11] ), the dominant part of A and B take the form
where
G, ρ and p representing Newton's constant, and the matter and momentum density of the gravitational sources, respectively. Note that Φ N is the usual Newtonian gravitational potential. The matrix A corresponding to the sources at the Laboratory (denoted with a subindex L) is calculated using the first equation (4) . We assume that the sources are point-like mass m and are located at (d cos θ, d sin θ, z 0 ) and (−d cos θ, −d sin θ, z 0 ), where 0 ≤ θ < π. We then find,
It can be seen that the matrix B depends on the "movement" of the gravitational sources, therefore, in this reference reference frame, B L = 0. Note that in order to have a non-trivial effective Hamiltonian we need both, A and B, to be non-zero, thus, when calculating the effect of the Earth gravitational field we also need to take into the account its rotation. For this purpose instead of using equations (4) we follow a different strategy. We start with the Kerr metric and we calculate the linearized Weyl tensor. Then we translate its components to the reference frame that is instantaneously at rest with respect to the probing particle. In this way we obtain:
where θ L represents the co-latitude of the Laboratory, the subindex ⊕ is used to denote the Earth, and R, M and J stand respectively for the Earth's radius, mass and angular momentum. Since we are working in the linearized regime, we have
The eigen-values are (see equation (2) to recall the notation):
With corresponding orthonormal eigen-vectors
Observe that in this derivation we assume sin θ L > 0, thus, the expressions for b (2) and b (3) are valid in any place on Earth excepting its poles. We turn back to the effective Hamiltonian (3). Assume that the effective polarization of the spin pendulum is equivalent to the polarization of N(≈ 10 23 ) electrons pointing in the directionn = (cos ϕ, sin ϕ, 0). Thus, the expectation value of the total Hamiltonian is
where for each electron state we have σ =n. The total energy and torque exerted on the torsion balance can be written as
for a certain vector w. When comparing this expression for the total energy E with equation (16) we can read off w, which can then be inserted in the expression for the torque. The quantity to be measured with the spin pendulum is the z component of the torque, which according to the model is given by
where 
If we denote by ∆T z the experimental precision for measuring T z , then, if the conjectured signal is not observed, the result of the experiment would be that the absolute value of the right-hand side of equation (18) is smaller than ∆T z . If in addition we assume, as is customary, that there are no fortuitous cancellations among the terms in this sum we can conclude
where we use that sin θ L /S ≤ 1/2, |f 
Conclusions
In this work it is shown that the spin pendulum developed by the Eöt-Wash group can be used to test the Lorentz invariant phenomenological model of quantum gravity presented in [4, 5, 6] . The Eöt-Wash group can measure the torque on the spin pendulum with a precision of 10 2 eV [12] and since the spin pendulum has an effective polarization equivalent to N ≈ 10 23 electrons, the relevant amount, ∆T z /N, is of the order of 10 −21 eV, suggesting that this experiment could put very stringent bounds on the free parameters of the model. We should keep in mind that when looking at these bounds there is no a priori knowledge about the value of the exponents c (±,l) , thus, the bounds that could be obtained for ∆ξ (l,m) will have a very large range depending on the level of Planck suppression characterized by these exponents. For a further improvement on the bounds one might want to consider "moving" the gravitational sources at the Laboratory in a way that its frame-dragging effect at the location would be larger than the one caused by the Earth's rotation.
In any event, what is clearly shown here is the viability of experimentally testing for these kind of exotic effects tied to an hypothetical granularity of spacetime in a world governed by perfectly Lorentz invariant laws. Finding a signal would be a fantastic achievement. Not finding any should help in setting restrictions on theories assigning for such granular features to spacetime.
